T he laws which regulate the transmission of heat through thin plates of metal under various circumstances, although of extensive practical application, and although their elucidation would necessarily involve scientific conclusions of great interest, have hitherto received little of the attention of natural philosophers. Two great divisions of the inquiry are, first, the communication of heat from the products of combustion to a boiler; and second, the application of cold to a vessel employed for the condensation of steam. W ith a view to supply some information on the latter subject I have, with the assistance of a grant from the Royal Society, undertaken the present research.
Up to the stopcock T the tem perature of the pipe may be considered as th at of the boiler; beyond it the tem perature becomes gradually that of the condenser. A certain,
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though very small, quantity of heat is thus conducted along the tube from the stopcock T as far as the india-rubber junction t. Any w ater condensed in P falls back again into the boiler; th at between the stopcock and t falls into the receiver; so th at the small quantity of conducted heat ju st m entioned is probably compensated by the trifling cooling effect of the atmosphere between T and the refrigerating water.
The short continuation pipe q exposes to the w ater an effective len which, on account of the wideness of the channel there, could not generally have had an effect greater than th a t due to 2 inches in the narrow er part. As, however, a length amounting to an inch and a h a lf of the ends of the condensing tube is overlapped by the vulcanized tubing, the entire am ount of condensation may, w ithout appreciable error, be laid to the account of the condensing pipe.
The receiver R and the pipes C, P , and p are enveloped by a thick coating of cotton wool and flannel, so as to prevent as far as possible the refrigerating effect of the atm o sphere.
G reat pains were taken to m ake every part of the apparatus in which the pressure is below th a t of the atmosphere, perfectly air-tight. I t will be seen th a t the form of the stopcock T effectually prevents any leakage except from the high pressure side into the atmosphere, which is of no consequence; T he india-rubber junctions were at first made by simply binding on the ends of the tubes short lengths of vulcanized caoutchouc; but it was soon found th a t enough air passed to vitiate the experiments, which were consequently rejected. The m ethod afterwards adopted was to smear the ends of the tubes w ith m elted vulcanized caoutchouc before the short india-rubber tubes were bound on. This plan was found to be so efficacious th at air appeared to be perfectly excluded, and the vacuum wholly unim paired, however long an experim ent was carried on.
The vacuum-gauge glass tube is 0'45 of an inch in internal diameter. I t is plunged into a wide dish of mercury, from the surface of which the height of the column is measured. The tem perature of the m ercury in the gauge was always nearly th at of the barom eter w hich registered the atmospheric pressure. D uring each experim ent a small quantity of condensed w ater settled by degrees on the top of the mercury, the length of which, divided by 13*56, gave the correction to be supplied to the height of the column. I t will be observed th at the pipe leading to the vacuum-gauge is inserted near the stopcock which admits the steam. I t was im portant to ascertain w hether the gauge would stand at the same level if it were connected w ith other parts of the vacuous space. To determine this, a pipe was attached to the receiver at r, and connected with a gauge placed side by side w ith the first gauge, and dipping into the same dish of mercury. The gauges were observed during rapid and slow condensation, at different and at varying pressures; bu t the height of the columns appeared to be in general exactly the sam e: if any difference could be observed at any time, I would say th at the receiver gauge indicated the less perfect vacuum of the tw o ; the difference, however, amounted in no case to more than ^y th of an inch. u 2 d r .
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The following is my m ethod of experim enting. T he n u t n being unscrewed, the dish of mercury removed from under the gauge-tube, and the w ater being completely discharged from the tap W , the cock T is partly opened, and the steam is blown through the steam-pipe a, the gauge b, and the receiver R u n til they are completely freed from air. The n u t n is then screwed on, W closed, and the w ater let on, the three operations being performed as simultaneously as possible. A t the m om ent when the steam is about to cease issuing from the gauge-pipe, its end is introduced into th e dish of mercury. A fter an interval of time, varying from h a lf a m inute to three m inutes, the condensation goes on with perfect regularity, and the m ercury in th e vacuum-gauge rem ains steady. The tem perature of the w ater flowing away and th e gauge are observed every two or three minutes. The experim ent is term inated by sim ultaneously shutting off the steam and the water, and opening the tap W to let off the w ater rem aining in the pipe. The n ut n is then removed, and a quantity of air having entered the receiver, the condensed water is caught by a small can (held close and containing a therm om eter), which over flows into a larger vessel in which the w ater is im m ediately afterw ards weighed.
The values of several small corrections which had to be applied to the observations were obtained from data derived from separate experim ents. O f th e therm om eters employed, one was made by F asten, in which each division is equal to 0o,2 2 5 ; th e two others were from Kew Observatory, and have for each division the values 0°T and 0o,0994 respectively. A correction had generally to be applied in consequence of the non-immer sion of the stems.
The cooling effect of the atmosphere on the receiver R operates partly to condense steam and partly to cool condensed water. T he correction on the form er account was found to be equal to the continual product of the tim e in m inutes, the proportion of acting surface, and the difference between the tem peratures of the receiver and atmo sphere, divided by 77 times the difference between 640 and the tem perature of the con densed w a te r: the result had to be subtracted from th e w eight of condensed water. The correction on the latter account is equal to the continual product of the time, acting surface, and difference of tem perature, divided by 77 times the weight of condensed w a te r; it had to be added to the observed tem perature of the condensed water.
The correction on account of the cooling of the refrigerating w ater on flowing through C into the vessel U, was found to be equal to the difference of tem perature between the water and the atmosphere, m ultiplied by 0*51, and divided by the quantity of water flowing per hour. This rule applies to the case in which the external pipe C was 4 feet long and 1 inch in diameter. Corrections in the instances in which other tubes were used were made by calculation w ithout express experiments, inasmuch as they were of very trifling amount.
The slight loss of water by evaporation, before and during the process of weighing, was allowed for in the weighing both of the refrigerating and condensed water.
The metal of the steam-pipe and receiver is necessarily at 100° at the commencement of an experiment, and therefore communicates some heat during the first few moments.
On the other hand, the small quantity of w ater drawn off a t W at the term ination of an experiment is always more or less heated. Corrections on both these accounts were easily applied.
I had at first some doubts whether the vacuum would not become gradually impaired by air coming over from the boiler; for it has been frequently asserted that water be comes perfectly free from air only after long-continued boiling. I found, however, that after boiling had taken place for only two or three minutes, the air was entirely expelled, and that even if Condensation were afterwards carried on until the receiver was entirely filled with water, no change took place in the height of the gauge. Hence, by blowing off steam for ten minutes at the commencement of a day's experimenting, I effectually secured myself against any risk of the interference of air*.
The Table of experim ents requires little explanation. I t will be seen th at column 5 contains some num bers w ith the negative sign. This m ight be expected where a small quantity of water was used, on account of its being raised in tem perature during its ascent. W hen the w ater was intended to go in the same direction as the steam, it was poured in at the upper end of the outer tube, and flowed away a t the lower end, the pipe E being removed. Each num ber in th e 14th column is the average of all the observations of th e pressure in the condenser after it became constant; and column 17 contains the averages of all the observations of the tem perature of th e refrigerating water at its overflow made at the moments of gauge-observation. H ence this column contains num bers generally a little different from those of column 7, which, being taken for the purpose of deducing the total heat of steam, are the averages of all the tem perature observations of th e overflow w ater in th e several experiments.
In order to explain the principle on which the 18th column is based, I cannot do better than give textually the extract of a letter I received from Professor T homson, to whom at the outset I communicated my design, and who, w ith his usual zeal and kind ness, immediately offered me very valuable suggestions. " I f the resistance to equalization of tem perature between the steam and w ater de pended on conduction through the separating m etal alone, the heating effect would take place according to the law you name. The form ula would be thus found,
where w is the mass of w ater passing per u n it of time, dv the augm entation of the * I could not discover any alteration in the composition of the air after it had remainedun the boiler some days. There appears to be no truth in the hypothesis which ascribes boiler explosions to the formation of hydrogen. The obvious cause is over-pressure; and it is not wonderful that, when multitudes of boilers are worked at a very considerable proportion of the pressure calculated to burst them when new, accidents occasionally occur. I have repeatedly insisted upon the absolute necessity of periodical testing, and have proposed a method requiring no extra apparatus or expense, which consists simply in lighting a fire under the boiler when completely filled, and so producing the proof pressure by the expansion of water by heat. I try my boiler every six weeks by this process, which appears to answer the end in view in every respect. difference of tem peratures inside and outside in a length from x to x + d x , v the differ ence itself at any point P, k the conducting power of the m etal, per unit length, a its thickness. By integrating, we find
where V denotes the difference of tem peratures at the entrance end.
corresponding to a mean diam eter calculated by the form ula log D -
A will be the area -, when the outer 2 a diam eter D, and the inner D -2 a differ so m uch th a t it w other indifferently. F or all practical purposes, w ith such tubes as are actually used, it will do to take as the mean diam eter the arithm etic m ean D -.
" The truth, however, is that, except w ith a very great velocity of the water, there will be a heated film close to the m etal m uch higher in tem perature than the average tem perature of th e w ater in the same section, and the abstraction of heat will be much slower than according to the preceding formula. I t is not im probable, however, th a t some law of variation will still hold from point to point in the direction of flow; and if so, the same form ula would apply, only th a t for k som ething m uch sm aller than the true conductivity of the m etal m ust be substituted. Thus, supposing to be a function of w, smaller the smaller is w and increasing to a lim it (the true conductivity of th e metal), your experiments m ight give values of k for different rates of the flow of the water by the expression aw I t would be necessary to ascertain by experim ent how nearly the geom etrical law of decrease of the difference of tem peratures along the tube holds, as there is no sufficient theory for convection to give any decided indication.
" As the results would probably depend b u t little on the thickness and quality of the k metal, it would be better perhaps to take -as the thing to be d eterm in ed : calling it C, we have where log denotes any kind of log. These are, in fact, the compound interest formulae, and are perhaps the most convenient for num erical reductions."
The results of my experiments were quite in conformity with Professor Thomson's view as to the smallness of the resistance to conduction through the thickness of the metal compared with the resistance at the surfaces of the tubes through the closely adhering film of fluid. I therefore sought to discover in each instance the entire con ductivity by the formula C = -lo g -> where, a being the area of the tube in square feet, and w the quantity of refrigerating water transmitted per hour, C represents the number of units of heat, in lbs. of water raised 1°, which would be conducted through a surface of 1 foot area, the opposite sides of which differ from one another by 1°. The determinations of C in each instance will be found in column 18. I generally obtained observations of the vacuum-gauge directly after the stoppage of the condensation. The results of these, reduced to the value they would have had at the precise time of the closing of the stopcock, are given in column 15 of the Table. The effect of stopping the condensation was generally a diminution of pressure, which took place rapidly at first, and afterwards slowly and with great regularity. I believe that this diminution of pressure is owing to the water collected in the receiver, which, having fallen somewhat in temperature during an experiment, governs the vacuum as soon as the fresh hot condensed water ceases to be supplied to its surface. In some few instances the mercury in the gauge was observed to fa ll immediately on the stoppage of the condensation. In these the vacuum appeared to be more perfect while the con densation was being carried on than was due to the temperature of the condensed water. It was long before I was able to form any conjecture as to the cause of this anomalous circumstance. I now think that it might have been occasioned by a stricture in the india-rubber junction which connected the gauge with the steam-tube p. It is not, however, easy to see how this can account for the sudden fall of the gauge at the moment of the stoppage of the condensation. In the Table, I have marked those results which I suspect to have been influenced by a contraction at the junction, by a note of interrogation. I may observe that the india-rubber tubulures were frequently renewed, in order to prevent the chance of a stricture, which, moreover, I always endeavoured to detect at its first approach, by observing whether the mercury descended instantaneously on the admission of the first bubble of air into the receiver when the nut was unscrewed.
Great care was always taken to keep the flow of steam and refrigerating water as con stant as possible during each experiment. If this had not been done, the temperature of the, water collected in the receiver during the former part of an experiment would have influenced to a certain extent the vacuum observed at the latter part. It was easy, by first condensing rapidly, and afterwards slowly by partially closing the steam-cock, to maintain for some time a vacuum much more perfect than that due to the tempera ture of the water in the receiver. In this case " bumping boiling took place in the receiver, whilst the pressure gradually decreased to the value due to the new conditions. On a cursory examination of the Table, it will become evident that the numbers in column 18, representing the conducting power, increase as the space between the tubes, which serves to convey the refrigerating water, is contracted. It will also be noted that an increase of conduction likewise takes place when the quantity of water transmitted between the same tubes is augmented. I will begin by arranging the results so as to show the effect of altering the velocity of the refrigerating water. Suppose we take the average index, then Cocw325 will express the influence of the quantity of refrigerating water on the conductivity with sufficient accuracy. B ut it is evident th at this relation can only be relied on between certain limits, indicated pretty plainly by the experiments. The influence of a change in the quantity of refrigerating water is doubtless gradually lessened as the flow is increased, and ultim ately at a very high velocity the conductivity m ust necessarily reach a constant value.
-----.---------------------------------
To find the influence of the extent of the w ater space, successively narrowed by dimi nishing the diameter of the outside tube, we will select, those experim ents in which the flow of water was nearly the same in quantity. educing the conductivity in each case to the flow of 618 lbs. of water, by the rule just found, we deduce for the spaces *325, *06, and *025, the conductivities 156, 303*7, and 504 4 respectively. W hence, for the circumstances of the experiments, it follows th at ! C o c S^5.
The abo\e laws are neither exact, nor universal in their application, but they afford the means of estimating the probable amount of benefit to be anticipated from increasing the rapidity of the lefrigerating stream in such tubes as 1 have employed, which are indeed of the dimensions most likely to be practically adopted.
I pass now to the consideration of the effect of cleanliness of surface. In the experi ments 62, 63, and 64, the outside of the copper steam-tube was made greasy by rubbing it with oil. In the five immediately preceding these the tube was kept perfectly clean, so that water readily adhered to it. The conductivity w ith the oiled tube, reduced to 544'8 lbs. of refrigerating w ater by means of the relation we have deduced, will be 450*6: th e closeness of this num ber to 499*16 shows th a t the influence of a greasy surface is inconsiderable.
The experim ents 86 to 96 inclusive, are proper to determ ine w hether any effect can be produced by placing a solid in the axis of the steam -tube.
Description.
No The conductivity in the last instance, reduced to 940 lbs. of refrigerating water, will be 367*1, a num ber which does not differ sufficiently from 439 and 347 to lead us to expect any practical advantage from narrow ing the steam space.
Let us now inquire into the effect of changing th e direction in which the refrigerating water was transm itted. Its usual direction was contrary to th a t of the steam and con densed w ater; b u t by removing the pipe E (see figure) and pouring the w ater into the upper part of the outer tube C, it could be made to flow in the same direction. The experiments suitable for ascertaining the effect of changing the direction of flow are collected in the following T ab les:-
MDCCCLXI. y
Series 1.-Thickness of w ater space 0*06 inch. 
>350-42
Thus with the refrigerating w ater flowing in a direction opposite to th a t of the steam, we have the conductivities 332*89 and 367*11; w hilst w ith the w ater flowing in the same direction as the steam, we have the conductivities (referred to the same quantities of refrigerating water) 417*3 and 320*96. The means for the two directions are 350 and 369*13, whence we may conclude th at the conductivity is little influenced by the direction in which the w ater flows. W e will now consider the influence of the kind of m etal of which the steam-tubes were made. In the The water spaces around the copper, iron, and lead tubes were respectively -06, '065, and *05 inch wide. By reducing all th e m ean results to th e space *06 and 640*25 lbs. of water by means of the formulae we have already deduced, we obtain for the conduct ing power w ith the three tubes the num bers 314*4, 302*2, and 255*1 respectively. Taking into account the thickness of the m etal, which was *06 in the copper, *069 in the iron, and *125 in the lead tube, we arrive a t th e conclusion th at the resistance to con duction through th e m etal itself is so small in comparison w ith the resistance at the bounding surface of the m etal and through the adhering films of w ater (inside as well as outside of the steam-tube), as to be alm ost inappreciable.
W e have seen th a t the tendency of th e w ater flowing betw een the tubes is to adhere to their sides, and th a t a head of w ater of considerable height is required in order to give the w ater sufficient velocity to remove the adhering film rapidly. I t seemed pos sible th a t p art of the force due to the head m ight be employed for the purpose of agitating the water. I have not yet found an opportunity to construct an apparatus for this purpose, b u t it occurred to m e th a t the same object m ight be attained by placing a wire bent into the form of a spiral between the tubes. By this means the w ater would be impelled in a spiral direction, which would contribute largely to the rapid interm ix ture of the particles of w ater as they advanced. Accordingly, in experim ents 97, 98, and 99, this arrangem ent was tried for the first time. T he spiral (in these three experiments only) was h alf of it left-handed, and the other h a lf right-handed, so th at the rotatory motion produced by the first h a lf was reversed in the second. A lthough the thickness of the wire which formed the spiral was only one-third of the w idth of the water space in which it was placed, the effect it produced was marked, as the following results testify:- showing a trifling advantage on the side of the arrangem ent in which the refrigerating water goes in a contrary direction to the steam and condensed water, which is, however, too small to be attributed to anything beyond experim ental errors. The quantity of transm itted w ater being, , nearly proportional to the square root of the height of the head, it is evident th a t the lim it to the economical increase of the conductivity by dim inishing the thickness of the w ater space, or by increasing the velocity of the stream, is soon attained. H ence, as I have already observed, the im portance of any m ethod which prom otes the rapid removal of the adhe ring film of water w ithout necessitating a great initial pressure. I have arranged my results, with reference to the head of w ater in the following Tables, so as to enable a comparison to be readily m ade in this respect between the plain tubes and those furnished w ith spirals. The averaged results of the preceding Tables are collected together The cause of the inferiority of th e plain tubes may be attrib u ted in some measure to a want of perfect concentricity and tru th in the pipes, resulting in an irregular action of the refrigerating w ater, th e greatest quantity of which would thus be transm itted through the widest p a rt of the w ater space. In the arrangem ent w ith spirals, th e width of the water space was too great for any such circum stance to have a sensible influence. I think, however, th a t th e im perfections of th e tubes and of th eir concentricity were not such as to account for th e great advantage w hich appeared to be produced by the spirals in my experim ents, and I therefore a ttrib u te it to th e continuous interm ixture of the particles of w ater favoured by th a t arrangem ent.
The following is a sum m ary of th e principal foregoing re s u lts :-1st. The pressure in th e vacuous space is sensibly equal in all parts. 2nd. I n th e arrangem ent in w hich the steam is introduced into a tube w hilst the refrigerating w ater is transm itted along a concentric space betw een the steam -tube and a larger tube in w hich it is placed, it is a m atter of indifference in which direction the water is transm itted. H ence, 3rd. The tem perature of the vacuous space is sensibly equal in all parts. 4th. The resistance to conduction is to be a ttrib u te d alm ost entirely to th e film of water in im m ediate contact w ith th e outside and inside surfaces of the tube, and is little influenced by the k in d of m etal of w hich th e tube is composed, or by its thickness in the limits of ordinary tubes, or even by th e state of its surface as to greasiness or oxidation.
5th. T he narrow ing of the steam space by placing a rod in th e axis of the steam -tube does not produce any sensible effect.
6th. T he conductivity increases as th e rapidity of th e stream of w ater is augm ented. In the circumstances of m y experim ents, th e conduction was nearly proportional to the cube root of th e velocity of th e w a te r; b u t a t very low velocities it evidently increases more rapidly th an according to this law, w hilst a t high velocities it increases less and less rapidly as it gradually approaches a lim it determ ined by th e resistance of the m etal and of the film of w ater adhering to th e inside surface of th e tube.
7th. The conductivity increases so slowly in relation to th e heig h t of the head of water, th a t th e lim it to th e economical increase of th e la tte r is soon attained.
8th. By means of a contrivance for th e autom atical agitation of th e particles of the refrigerating stream, such as th e spirals I have employed, an im provem ent in the con ductivity for a given head of w ater takes place.
9th. The to tal h eat of steam above 0° Cent., determ ined by the average of the 151 experiments, is 644°*28 for a pressure of 47*042 inches.
The experim ents in which air was employed as th e refrigerating agent were made in a similar m anner to those in w hich w ater was used.
A t high pressures th e air was propelled by the condensing pum p used by Professor T homson and m yself in our experiments, and at low pressures a large organ-bellows was employed. The tem pera ture of the air at its exit was obtained by placing the therm om eter imm ediately over the concentric space between the tubes, varying its position from tim e to tim e so as to obtain an average result for th e entire section of the channel.
